Summary: Previous studies showed that in rats exposed to 30 min of forebrain ischemia, there were reductions in pyruvate-supported respiration within the first 3 h of re circulation in mitochondria isolated from the dorsolateral striatum (a region in which the majority of neurons are susceptible to ischemia) but not the ischemia-resistant paramedian neocortex. The present study demonstrates that the changes in mitochondrial respiration apparently result from a loss of activity of the pyruvate dehydroge nase complex (PDHC). In mitochondria from the dorso lateral striatum, incubated in the presence of pyruvate and ADP (state 3 conditions) and treated to preserve the phosphorylation state of PDHC, there was no significant change from preischemic activity after 30 min of ischemia or 1 h of recirculation. However, a significant reduction (to 71 % of control value) was observed at 3 h of recircu lation, and the activity decreased further at 6 and 24 h (to 64 and 43% of control values, respectively). Total PDHC activity in the isolated mitochondria was similarly reSome populations of neurons within the brain are selectively sensitive to short periods of global cere bral ischemia (Pulsinelli et aI., 1982; Lust et aI., 1985; Siesj6, 1988; Schmidt-Kastner and Freund, 1991) . In animal models, histological evidence of this selective neuronal damage develops only dur ing recirculation, following periods ranging from a few hours to several days in different groups of sus-
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ceptible cells (Brown and Brierley, 1968; Pulsinelli et aI. , 1982; Petito and Pulsinelli, 1984) .
Recent studies of mitochondrial activity demon strated that, within the first few hours of recircula tion following brief forebrain ischemia, specific re ductions in pyruvate-supported respiration were de tectable in mitochondria from the dorsolateral striatum (Sims and Pulsinelli, 1987; Sims, 1991) , a region in which most of the small-to medium-sized neurons subsequently degenerate. Both state 3 (substrate and ADP present) and uncoupled respi ration rates were reduced. Succinate-supported res piration was not affected at these early recirculation times. No significant changes were seen in the para median neocortex, a region in which neuronal de generation is rarely observed. These reductions in pyruvate-supported mitochondrial respiration in the dorsolateral striatum precede the histological and biochemical evidence of advanced neuronal damage (Pulsinelli et aI., 1982; Pulsinelli and Duffy, 1983; Lust et aI., 1985) and, based on studies using tissue prisms, apparently limit the ability of the tissue to respond appropriately to increased metabolic de mands (Zaidan and Sims, 1990) .
These observations suggest that there is a reduc tion in the activity of mitochondrial complex I ei ther directly resulting from changes in this complex or indirectly due to decreased availability of reduc ing equivalents from pyruvate. To characterize these mitochondrial changes further, the activity of the pyruvate dehydrogenase complex (PDHC) in mitochondria isolated from the dorsolateral stria tum and the paramedian neocortex has been exam ined. PDHC is a multienzyme complex that cata lyzes the oxidative decarboxylation of pyruvate to acetyl-CoA and represents a key control point for oxidation of glucose in many tissues (Wieland, 1983; Randle, 1986) . This enzyme complex is sub ject to a number of regulatory controls, the most important of which is the degree of phosphorylation (Wieland, 1983; Randle, 1986) . The phosphorylated form of the enzyme is inactive. The phosphoryla tion state is controlled by many factors, including some related to the energy requirements of the cell.
In the present study, mitochondria were isolated by a rapid Percoll density gradient procedure (Sims, 1990 ) from brain subregions following 30 min of ischemia and recirculation periods up to 24 h. The active portion of the PDHC was determined in mi tochondria from postischemic brain in which the phosphorylation state was chemically fixed during incubations under state 3 conditions. Total PDHC activity and the activity of two other mitochondrial enzymes were also determined at selected time points. PDHC activity was measured using a dye coupled spectrophotometric assay that monitors production of NADH (Hinman and Blass, 1981; EI nageh and Gaitonde, 1988) . This procedure was chosen as NADH production requires all three en zymes that contribute to the overall reaction of PDHC (Wieland, 1983; Randle, 1986) , whereas al ternative procedures based on monitoring CO2 pro duction (Elnageh and Gaitonde, 1988) principally measure the initial decarboxylation step (catalyzed by the El component of PDHC) and may underes timate the effects of changes in the other compo nents.
MATERIALS AND METHODS

Materials
Male Porton rats (weighing 240-350 g) 
Induction of ischemia
The surgical preparation of rats and the induction of ischemia were essentially as described previously (Pulsinelli and Duffy, 1983; Zaidan and Sims, 1990) . Isch emia was maintained for 30 min. Control animals were surgically prepared and manipulated as for the ischemic group but were either not made ischemic or had the oc clusion reversed within the first 2 min. Animals that re gained their righting reflex during the 30 min of ischemia and those that convulsed in the postischemic period were excluded from further study. Body temperature was mon itored with a rectal probe and maintained above 36°C with a heating lamp during ischemia and the first hour of re circulation.
Preparation of free mitochondria
Following 30 min of ischemia or the required recircu lation period, animals were killed by decapitation. The whole brain was rapidly transferred to ice-cold "isolation buffer" containing 0. 32 M sucrose, I mM EDTA (K + salt), and 10 mM Tris-HCl (pH 7.4). The dorsolateral stri atum and paramedian neocortex were then dissected out in a cool room (4°C), and all subsequent manipUlations were carried out on ice. Free (non synaptosomal) mito chondria were prepared essentially as described by Sims (1990) , using 84 ± 9 mg (wet weight) of dorsolateral stri atum and 115 ± 24 mg of paramedian neocortex as start ing material. There was no significant ditlerence in the wet weight of starting material between the different groups of rats examined. The tissue was minced finely with scissors and homogenized (10% wt/vol) by hand in isolation buffer using 12 strokes (4 strokes with the B pestle and 8 strokes with the A pestle) of an all-glass Dounce homogenizer (1.5-ml nominal volume; Wheaton, NJ, U. S. A. ). The homogenate was then diluted 1:1 with 24% Percoll and -3. 0 ml was layered over two preformed layers consisting of 3. 5 ml of 25% Percoll above 3.5 ml of 40% Percoll in 16 x 102 mm polyallomer centrifuge tubes. The gradients were then centrifuged at 30,700 g for 5 min (Beckman JA21 rotor), and the fraction accumulating near the interface of the lower two layers was collected, diluted 1:4 with isolation buffer, and centrifuged at 16,700 g for 10 min. The loose pellet was then washed twice in isolation buffer and the final pellet resuspended directly in the appropriate buffer for assay.
Enzyme assays
PDHC activity was determined spectrophotometrically by the method of Hinman and Blass (1981) with minor modifications as described by Elnageh and Gaitonde (1988) . For measurements of the total activity of the PDHC, mitochondria were suspended in 250 ILl buffer containing 1 mM 2-mercaptoethanol, 1 mM EDT A, 10 mM MgCI2, 0. 1% (wt/vol) Triton X-IOO, and 50 mM po-tassium phosphate (pH 7.8) and incubated at 30°C for 30 min. The activation state was then preserved by the ad dition of 250 ILl "stopping mixture" prepared essentially as described by Lai and Sheu (1985) . The stopping mix ture contained 20% (vol/vol) ethanol, 0.1 % (wt/vol) Triton X-IOO, 20 mM NaF, 20 mM Na-dichloroacetate, 4 mM 2-mercaptoethanol, and 20 mM ethyleneglycol-bis-(f3-aminoethyl ether)N,N,N' ,N' -tetraacetate (adjusted to pH 7.4 with NaOH). The stopped mitochondrial suspension was stored at -80°C for 1-3 days. Following treatment with two cycles of freezing and thawing, 150 ILl of this mixture was used for determination of PDHC activity.
To determine the activity of PDHC under state 3 con ditions, freshly prepared mitochondria were suspended in a buffer containing 100 mM KCI, 75 mM mannitol, 25 mM sucrose, 5 mM phosphate (adjusted to pH 7.4 with Tris), 0.05 mM EDT A (K + salt), 10 mM Tris-HCI (pH 7.4), 5 mM pyruvate, and 0.125 mM malate and incubated at 29°C for 2 min. ADP was added to give a final concentra tion of 4 mM and the mixture incubated for a further 1 min. The activation state was preserved and samples pre pared for measurement of PDHC activity as described above. Initial studies showed that the concentration of ADP used was in excess of that consumed by mitochon dria during the incubation period. Furthermore, the use of a concentration of malate of 0.125 mM, to reduce to an acceptable level the interference from malate dehydroge nase in subsequent assays, did not affect the respiration rate of the isolated mitochondria compared with incuba tions containing higher (2.5 mM) malate.
For spectrophotometric determination of PDHC activ ity, the assay mixture in a final volume of 1 ml contained 50 mM Tris-HCI (pH 7.8), 0.5 mM EDTA, 0.2% (wt/vol) Triton X-IOO, 2.5 mM NAD+, 0.1 mM coenzyme A, 1 mM MgCI2, 0.1 mM oxalate, 1 mg/ml bovine serum albu min, 0.6 mM INT, 7 U of lipoamide dehydrogenase, 0.2 mM thiamine pyrophosphate, 5 mM pyruvate (Elnageh and Gaitonde, 1988) , and 150 ILl stopped mitochondrial suspension containing -0.03 mg of mitochondrial pro tein. The reference cuvette was identical except that no pyruvate was added. Assays were performed at 3rC and the production of reduced INT was followed at 500 nm. The activity of PDHC was linear between 2 and 10 min of incubation and for mitochondrial protein values up to at least 0.06 mg. An extinction coefficient of 15,400 was used to calculate enzyme activity (Elnageh and Gaitonde, 1988) .
The activity of a-ketoglutarate dehydrogenase in mito chondria was determined spectrophotometric ally as de scribed by Lai and Cooper (1986) . Only one cycle of freezing and thawing was required to obtain maximum activity. The assay mixture contained 0.2 mM thiamine pyrophosphate, 2 mM NAD +, 1 mM MgCI2, 0.3 mM di thiothreitol, 0.1 % (wt/vol) Triton X-IOO, 10 mM a-keto glutarate, 130 mM HEPES-Tris (pH 7.4), and -0.02 mg of mitochondrial protein. The reaction was initiated by the addition of coenzyme A (0.2 mM final concentration). In initial studies the rate of reaction was shown to be linear between 0.01 and 0.03 mg of mitochondrial protein and up to 6 min of incubation. Rates were routinely determined from the absorbance change at 340 nm after 4 min of incubation.
NADH-cytochrome c oxidoreductase (complex I-III) activity was measured in the presence and absence of rotenone (2 ILM), a specific inhibitor of electron transport through complex I, in mitochondria isolated from the paramedian neocortex and dorsolateral striatum. As pre vious studies (Sims, 1991) indicated that succinate supported respiration was not significantly changed in ei ther subregion at these recirculation times, the activity of rotenone-sensitive NADH-cytochrome c oxidoreductase provided a measure of possible changes in mitochondrial complex I. Rotenone-insensitive rates of NADH cytochrome c reductase were 3-15% of the total. Simi larly low values (10-20%) have been reported previously for the rotenone-insensitive rates of mitochondria iso lated from mouse brain (Mizuno et aI., 1987) . Mitochondria were prepared as described previously, resuspended in a small volume of isolation buffer, and stored at -80°C. Two cycles of freezing and thawing were required to obtain high and reproducible results. Following the first cycle of freezing and thawing, it was essential to snap-freeze the mitochondria in liquid nitro gen since the enzyme activity in this state is stable for only -15 min (Hatefi and Stiggall, 1978) . The activity of NADH-cytochrome c oxidoreductase was determined by the method of Hatefi and Stiggall (1978) . The assay mix ture in a final volume of 1 ml contained 20 mM phosphate buffer (pH 8.0), 2 mM NaN3, 0.15 mM NADH, 1.1 mM cytochrome c, 0,1 mg phosphatidylcholine, 0.015 mM EDT A, and -0.02 mg protein. Assays were performed at 38°C, and the reduction of cytochrome c at 550 nm was determined following a I-min incubation period. An ex tinction coefficient of 18,700 at 550 nm was used to cal culate enzyme activities (Hatefi and Stiggall, 1978) . Initial studies demonstrated that the activity increased linearly at least up to 0.03 mg of mitochondrial protein and was essentially linear for the first 90 s of incubation.
Protein estimations were carried out by the procedure of Lowry et al. (1951) with fatty-acid-free bovine serum albumin as standard.
Statistical analysis
The effects of ischemia and recirculation for each re gion were tested using one-way analysis of variance. Dif ferences between groups were tested by the Newman Keul method. In studies requiring comparison between only two groups, Student's t test was used.
RESULTS
Mitochondria freshly prepared from the dorsolat eral striatum and paramedian neocortex were incu bated under state 3 conditions (ADP and substrates present), the activation state was fixed, and PDHC activity was determined spectrophotometrically. In normal mitochondria under state 3 conditions, the activity of PDHC was -70% of total PDHC activ ity. For mitochondria isolated from the paramedian neocortex, no significant changes from control val ues were detected at any recirculation times (Fig.  1) . Similarly, mitochondria isolated from the dorso lateral striatum showed no change in active PDHC either at the conclusion of the ischemic period or following 1 h of recirculation (Fig. 2) . However, significant reductions were seen by 3 h of recircu lation (29% decrease), with further declines at 6 h (36% reduction) and 24 h (57% decrease) of recir culation (Fig. 2) . The protein content of the isolated mitochondrial fraction was similar at all time points examined up to 6 h of recirculation in both the dorsolateral stri atum (means ± SD: control, 0.11 ± 0.02 mg; 30-min ischemia, 0.11 ± 0.01 mg; I-h recirculation, 0.08 0.03 mg; 3-h recirculation, 0.10 ± 0.02 mg; 6-h re circulation, 0.12 ± 0.02 mg) and the paramedian neocortex (control, 0.12 ± 0.01 mg; 30-min isch emia, 0.12 ± 0.02 mg; I-h recirculation, 0.12 ± 0.02 mg; 3-h recirculation, 0.12 ± 0.01 mg; 6-h recircu lation, 0.10 ± 0.01 mg). However, at 24 h of recir culation (dorsolateral striatum, 0.19 ± 0.04 mg; paramedian neocortex, 0.16 ± 0.03 mg), there was a statistically significant increase in protein recov ered in both regions (p < 0.05 compared with con trol and all preceding time points; one-way analysis of variance with Newman-Keuis test). Measurements of total PDHC activity in mito chondria isolated at 3 and 6 h of recirculation showed similar reductions (27-32%) to the active portion for the dorsolateral striatum (Fig. 3) . Again, no significant difference was seen in the paramedian neocortex (Fig. 3) .
In another group of animals, the activities of the a-ketoglutarate dehydrogenase complex and rote none-sensitive NADH-cytochrome c oxidoreduc tase (complex I-III) were determined in mitochon dria from rats subjected to 30 min of ischemia plus 3 h of recirculation. No significant differences from control values for these enzymes were detected in either subregion (Table 1) .
DISCUSSION
The present study demonstrated that within the first 3 h of recirculation following 30 min of isch emia, there were significant reductions in PDHC activity in mitochondria isolated from the ischemia- tivity in mitochondria isolated from the dorsolateral striatum and paramedian neocortex of control animals and animals subjected to 30 min of ischemia plus 3 and 6 h of recircula tion. Values are means ± SO for measurements on prepara tions from four to seven separate animals. For mitochondria from the paramedian neocortex, no statistically significant effect of the treatment was observed (F = 2.6, P = 0.11), whereas a significant effect was seen for mitochondria from the dorsolateral striatum (F = 27.6, P < 0.01). Values signif icantly different from the corresponding control value are indicated: **p < 0.01. Results are expressed as means ± SD for measurements on preparations from four to seven separate animals.
susceptible dorsolateral striatum but not the isch emia-resistant paramedian neocortex. At 3 and 6 h of recirculation, similar reductions were observed in mitochondria from the dorsolateral striatum re gardless of whether total PDHC activity or the ac tivity of the complex under state 3 conditions was determined. As part of a subsequent study (N. R. Sims, et aI. , in preparation), a 58% loss of total activity at 24 h of recirculation was observed (con trol: 350 ± 28 nmol INT reduced/min/mg protein; 24 h of recirculation: 146 ± 50 nmol INT reduced/min/ mg protein), which was comparable with the 57% reduction of active PDHC observed in the present investigation. Thus, the changes seen in the dorso lateral striatum resulted primarily from loss of avail able PDHC rather than altered phosphorylation of the enzyme. Further studies involving quantitation by means of specific antibody binding are needed to determine whether this is due to a decrease in en zyme protein rather than inactivation and to assess whether all subunits of the enzyme complex are equally affected. In contrast with PDHC activity, no significant change was seen in the activities of a-ketoglutarate dehydrogenase (which shares one subunit with PDHC) or rotenone-sensitive NADH-cytochrome c oxidoreductase (complex I-III). These results, taken together with previous observations of the preservation of succinate-supported respiration during early recirculation and of cytochrome c ox idase activity at 24 h (Sims, 1991) , argue that the earliest mitochondrial changes may be restricted to the PDHC. PDHC apparently has a role as an im portant determinant of the rate of glucose and py ruvate oxidation in many tissues including brain (Wieland, 1983; Randle, 1986) . Thus, the changes in the activity of this enzyme are probably sufficient to account for the alterations of a similar magnitude in pyruvate-supported respiration and glucose oxida tion observed previously (Sims and Pulsinelli, 1987; Zaidan and Sims, 1990; Sims, 1991) .
The free mitochondria used for the present inves tigations, which were isolated by the procedure of Sims (1990) total free mitochondrial population of the brain subregions, at least as assessed in an earlier study using oxygen uptake determinations (Sims, 1991) . Consistent with previous investigations (Sims, 1990) , the specific activities of mitochondrial en zymes measured in the present study were two-to threefold greater than values reported previously (Lai and Cooper, 1986; Mizuno et aI., 1987; Elnageh and Gaitonde, 1988 ) for brain mitochondria isolated using alternative preparative procedures. As the isolated mitochondrial population is likely to in clude organelles from both neuronal and glial cells, no conclusions can be reached as to the cellular location of the observed changes in the dorsolateral striatum. It seems likely that these changes result from large losses of activity within a subpopulation of the mitochondria in the dorsolateral striatum rather than more modest alterations affecting all mi tochondria, but direct evidence on this point is not available at present.
The similarity of protein recovery from control samples and from samples obtained up to 6 h of recirculation, as well as the preservation of the ac tivities of rotenone-sensitive NADH-cytochrome c oxidoreductase and a-ketoglutarate dehydroge nase, demonstrate that the reduced PDHC activity in the dorsolateral striatum during early recircula tion did not result from increased nonmitochondrial contamination of the isolated subfraction. As an in crease was seen in protein content in subfractions isolated at 24 h of recirculation, the possibility that such contamination may contribute to the larger re ductions in PDHC at this time cannot be definitively eliminated. However, several lines of evidence sug gest that this change also results largely from a gen uine loss of PDHC activity. First, a similar increase in protein recovery from the dorsolateral striatum at 24 h of recirculation was observed in a previous study (Sims, 1991) and, based on measurements of cytochrome c oxidase activity, was shown to result largely from recovery of more mitochondria rather than increased contamination. Second, there was no significant change in PDHC activity at 24 h of recirculation in the paramedian neocortex in the present study despite there also being an increase in recovery of protein in this region. Finally, the 57% reduction in PDHC activity in the dorsolateral stri atum is similar to previous findings of a 73% de crease in total free mitochondrial respiratory activ ity (Sims and Pulsinelli, 1987) and a 46% reduction in ATP content (Pulsinelli and Duffy, 1983) in the dorsolateral striatum at 24 h of recirculation. In nei ther of these previous studies was the tissue frac tionated; thus, problems with contamination could not have contributed to the reductions that were seen.
The activity of PDHC in situ in gerbil or rat brain following global ischemia has been shown previ ously to be increased when reperfusion is initiated, but blood flow then falls below control values within the first 15 min of recirculation (Cardell et aI., 1989; Katayama and Welsh, 1989; Lundgren et aI., 1990) . Alterations in the activation state of the enzyme rather than in total enzyme activity ac counted for these changes. Assessment of the PDHC activity in vivo is helpful in understanding the state of the tissue at the time of measurement but does not provide information on the ability of the tissue to respond to changes in energy require ments. By contrast, the present study cannot (and was not designed to) measure the activation state of PDHC in situ as phosphorylation of this enzyme is rapidly altered during tissue removal and subfrac tionation (Elnageh and Gaitonde, 1988) . However, the determination of PDHC activity under standard conditions in mitochondria isolated from ischemic and postischemic tissue provides direct information on the ability of these organelles to meet changes in energy demands. Thus, the alterations reported here, together with previous measures of mitochon drial function (Sims and Pulsinelli, 1987; Zaidan and Sims, 1990; Sims, 199 1) , indicate a reduced capac ity for energy production in some mitochondria in the dorsolateral striatum during early recirculation.
Further contrasting with the changes observed in the present study, the alterations in activation state of PDHC in intact brain have been seen in both ischemia-resistant and ischemia-susceptible brain regions (Cardell et aI. , 1989; Katayama and Welsh, 1989; Lundgren et aI. , 1990 ) and appear to be a general response to the ischemic insult unrelated to the susceptibility of cells in particular subregions to ischemic damage. The initial increase in PDHC ac tivity in situ in early postischemic brain is probably due to changes in phosphorylation of the complex as a result of marked reductions in ATP/ADP ratio and related changes in other energy metabolites produced by ischemia. The basis for the subsequent reductions in PDHC activity in situ has not been definitively determined (Cardell et aI., 1989) . The finding in the present study that active PDHC was similar in the mitochondria isolated from control and postischemic paramedian neocortex when incu bated under state 3 conditions indicates that the PDHC kinase and phosphatase were able appropri ately to maintain the phosphorylation state of the enzyme complex. Thus, irreversible changes in these enzymes are unlikely to be responsible for producing the reduction of active PDHC observed in situ; again, a response to altered intracellular conditions would seem a more probable explana tion.
Few biochemical changes distinguishing an isch emia-susceptible region from an ischemia-resistant one have been observed during the first few hours of recirculation. Histological evidence of ischemic cell change is detectable in some neurons in the dorsolateral striatum by 3 h of recirculation and progresses to advanced degeneration in most neu rons by 24 h (Pulsinelli et aI. , 1982) . Some biochem ical measures, including the content of ATP and related metabolites (Pulsinelli and Duffy, 1983) , in dicate that most cells are intact and retain essential metabolic controls until beyond 6 h of recirculation (Sims and Pulsinelli, 1987) . Thus, while the possi bility that the change in PDHC is simply an early marker for neuronal death cannot be eliminated at present, this change is apparently occurring suffi ciently early to play a role in the degenerative pro cess. Definitive evidence of a contribution of al tered PDHC activity to degeneration would require demonstration of protection by treatments that ac tivate residual PDHC activity or provide alternative substrates (such as ketone bodies or fatty acids) that bypass the need for PDHC at critical times in the postischemic period. Dichloroacetate, an inhib itor of the PDHC kinase, has been shown to alter energy-related metabolites in the postischemic pe riod (Katayama and Welsh, 1989) , but the effects of this compound on the extent of neuronal degenera tion have not been reported.
The cellular events producing the reduction in PDHC activity and the link between this loss of activity and the ischemic insult are not currently defined. Accumulating evidence indicates that ab normal responses initiated by activation of a sub type of glutamate receptor are important in trigger ing at least some selective neuronal degeneration following ischemia (Sheardown et aI., 1990) . Pre sumably abnormal cellular responses to stimulation (or overstimulation) of these receptors in the post ischemic period result in a cascade of deleterious changes of which the altered PDHC activity may be one potentially important consequence. Subtle al-terations in calcium homeostasis in the dorsolateral striatum occur at a time approximately coincident with the PDHC changes (Dienel, 1984) . High con centrations of calcium have been found to inhibit brain PDHC in vitro (Lai et aI., 1988) . Thus, mito chondrial calcium accumulation in a subpopulation of neurons could produce the observed changes. However, at present, the alternative possibility that the altered calcium homeostasis is in fact a conse quence of impaired energy metabolism resulting from the reduced PDHC activity remains an equally likely possibility.
